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Abstract 
Formation of electrical contacts by printing silver (Ag) paste on silicon (Si) solar cells and subsequent sintering is widely used 
because it is a low-cost and high-throughput process. However, due to the complicated interfacial compositions and structures 
between the Ag and Si emitter, current transport through the interface is not well understood. Currently, there are two main 
current transport models in the literature which include the direct-contact model of Ag crystallites contacting the tips of Si 
pyramids, and the Ag-insulator (thin interfacial glass)-Si (MIS) model, where Ag nanoparticles can assist tunneling through the 
insulator. Here, we present experimental evidence to further examine both contact mechanisms on p-type solar cells. The results 
obtained support the presence of both contact models in optimally fired devices.  
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1. Introduction 
Crystalline Silicon (Si) PV cells play a major role in supplying renewable energy. In the past decade, new 
generations of front-side Ag pastes have enabled the steady efficiency improvement of PV cells. Although rapid 
progress has been made in efficiency improvement, the complicated interfacial compositions and highly non-
uniform microstructures inhibit understanding of the carrier transport across the Ag/Si-emitter interface. [1] Two 
different models have been used to describe transport across the interface: (1) electrical contact through the Ag 
crystallites formed on the tip of the Si pyramids where the Ag crystallites are able to come into close contact with the 
bulk Ag due to the de-wetting of the glass frit (direct-contact model) [2-3], and (2) current transport by tunneling of 
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carriers through the thin interfacial (I) glass layer, in some cases with the assistance of Ag nanoparticles embedded 
in the interfacial glass (MIS contact model) [4-6].  
In this presentation, we discuss our experimental studies to further the understanding of the contact mechanism in 
Ag-paste-metallized p-type Si PV cells. In a previous study supporting the direct contact model, [2] the printed and 
sintered Ag finger lines were removed using aqua regia. Once the “bulk” Ag was removed, a large number of divots 
were observed in the underlying Si, indicative of growth of Ag crystallites into the Si. After re-coating the etched 
sample with “liquid conductive Ag,” it was observed that the contact resistivity was significantly higher than that in 
the starting devices. The proposed hypothesis was that the increase in contact resistivity resulted from the formation 
of a highly insulating silicon oxide on the Si surfaces newly exposed by the removal of Ag crystallites and this oxide 
layer would inhibit charge transport through those regions, even once the cell was recoated with Ag. [7] No further 
device performance was reported. In our work, we selectively remove the Ag fingers and any connected Ag 
crystallites using nitric acid, and re-make the devices by depositing new metal layers on the etched finger areas using 
vacuum deposition. Although any conductive paths through Ag crystallites would have become much more resistive 
due to the generation of a highly insulated silicon oxide layer from the oxidation of Si by the nitric acid, our devices 
still show quite reasonable efficiencies. The measured increases in resistivity were much smaller than would be 
expected if the charge transport was exclusively through these Ag crystallite “direct contact” channels. High 
resolution scanning electron microscope (SEM) images of the final device suggest other conductive paths, 
specifically tunneling through thin interfacial glass (IFG) with and without nano-silver colloids. These results 
suggest that the carrier transport through the front interface of Si PV devices occurs through a combination of direct 
and tunneling contacts. 
2. Experimental  
DuPont¥ Solamet£PV17x metallization paste was used in this study. The paste was screen printed on top of p-
type Cz-Si mono wafers (2.8 cm × 2.8 cm size) with a bus bar and thirteen finger lines. The solar cells were fired in 
an infrared belt furnace. A commercial IV tester was used for measuring device efficiencies (ST-1000). Ag line and 
contact resistivity (ȡcontact) were measured using the Transmission Line Measurement (TLM) technique on 1.0 cm 
wide strips cut from the fired solar cells. Concentrated nitric acid was used to remove the bulk Ag on the fired cells 
at ~80 °C for ~5 minutes. An Ag layer of ~1 ȝm thickness was deposited using a shadow mask to align the 
deposition within the Ag finger areas on the etched cells. A thin layer of chromium (Cr) of ~20 nm thickness was 
deposited prior to the Ag layer to improve the adhesion. Cr has a similar high work function (4.55 eV) as Ag thin 
film, which gives a large electronic barrier height for Cr/SiO2 contact. [8] A Scanning Electron Microscope (SEM), 
JEM-7600F, was used to analyze the interfacial region of the cells. Ultraviolet Photoelectron Spectroscopy (UPS) 
analyses were performed using PHI VersaProbe II microprobe system. The UV induced valence band spectra were 
obtained from the surfaces of the sample using He (I) at 21.2eV. UV-VIS optical absorption spectra were obtained 
using a Lambda 900 UV/VIS/NIR spectrometer.  
3. Results and discussions 
The Ag pastes used for the etching experiment were optimally fired to achieve the highest efficiency. Fig. 1 
shows the device performance before and after the Ag etching and re-deposition. The spread in efficiencies after 
etching is possibly due to the mis-alignment of the shadow mask. The resulting device performance is not as low as 
expected, although there is a decrease in efficiency due to the decreased fill factor and increased series resistance. 
By measuring the Ag line and contact resistivity, the efficiency losses are further calculated. As an example in Table 
1, the efficiency losses are 1.72%, 0.53% and 0.29% in absolute percentage points due to the thin layer Ag line 
resistivity, contact resistivity, and the optical shadow loss, respectively. The small efficiency loss from the increased 
contact resistivity strongly suggests that the carrier transport is predominantly through paths other than the direct 
contact mechanism involving the Ag crystallites.   
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Fig. 1 Comparisons of PV device performance before and after Ag etching and re-deposition: (a) efficiency; (b) series resistance, RS; (c) open-
circuit voltage, VOC ; (d) short-circuit current density, JSC. 
Table 1. Calculation of efficiency losses before and after Ag etching and re-deposition 
 
 
To further understand the possible carrier transport paths, high-resolution SEM images were taken on cross-
sections of the final device. Fig. 2(a) shows small Ag crystallites can still be seen at some of the Si pyramid tips with 
the intact IFG layer on top, which is possibly too thick for electrons to tunnel through. The areas with very thin IFG 
layer (less than the tunneling distance) between bulk Ag and Ag crystallites or Si emitter surface (labeled with red 
arrows) may contribute to the conductive paths. Fig. 2(b) shows another area on the device with even higher 
magnification. High densities of Ag nanoparticles are also observed within the IFG layer on the slope of the 
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pyramids. Although the IFG layer is thicker, the electrons may still be able to transport through the layer by 
sequential tunneling or hopping conduction. [9] In some areas of the exposed surface of the IFG layer after nitric 
acid treatment, there are some nano-voids which could be due to the etching of Ag colloids by nitric acid. The loss 
of Ag colloids could also play a role in the measured increase in contact resistivity. We note that in the etching 
experiment, it was assumed that nitric acid would not etch the IFG layer. But for very thin IFG, nitric acid could 
potentially affect the surface layer thereby partially damaging these tunneling points and increasing the contact 
resistivity. Thus, our results show that the contact mechanism based on current transport via tunneling through IFG 
could contribute to even lower contact resistivity in the original PV cells than the acid-treated/re-deposited Ag cells. 
It’s quite possible that multiple conductive mechanisms contribute to the low contact resistivity observed for the 
optimally-fired PV samples. Comparing this work to prior results,[2] we note that different Ag paste compositions, 
firing profiles and temperatures can all give different microstructures and yet similar PV cell performance. For 
example, both under-fired and over-fired devices can give similar device efficiencies, while the Ag crystallite 
densities vary quite significantly. [10] Moreover, some Ag pastes are known to result in higher emitter damage (e.g. 
Ag crystallite growth).    
 
 
Fig. 2. (a)-(b) Side-view of different regions of the etched device with re-deposited Ag layer with different magnification showing possible 
tunneling conductive paths through the interface (indicated in red). 
 
To better understand the MIS contact mechanism of tunneling through the IFG, we also model the contact 
resistivity of the MIS contact structures with and without a layer of nano-Ag colloids. The model employed is based 
on a single direct-tunneling theory, [11] which was chosen because the bias across the contacts is very small 
compared to the bias applied to the bulk of the PV cell. When the contact resistivity gets significantly larger from 
the increased glass thickness, the bias across the contact will also increase. The Fowler-Nordheim (FN) tunneling 
model may be needed to calculate the exact contact resistivity in the case of a large bias across the contacts. But in 
general, such a condition of large bias across the contacts does not exist in well-performed PV systems. We were 
interested extracting the optoelectronic properties of the IFG layer to calculate the energy band diagrams of MIS 
contact structures. As measuring the IFG layer directly is difficult, a substitute system was built in which our frit 
was sputtered as films on different substrates. UPS was conducted to determine the positions of valence band edge 
of the IFG layer, which when paired with UV-VIS absorption spectra measurement determining the band gap, 
allowed the position of the conduction band edge to be calculated. Fig. 3(a) shows the calculated energy band 
diagram of MIS contact structure with the frit glass, and Fig. 3(b) shows the diagram of MIS contact with a single 
layer of nano-Ag colloids embedded in the glass layer. Based on the diagrams, the contact resistivity values of both 
structures can be calculated at different thicknesses of the glass layers (Fig. 3(c)). It’s clear that the MIS contact with 
the nano-Ag colloids to bridge the tunneling can reduce the contact resistivity esp. when the glass layer gets thicker. 
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Here we assume that there is only a single tunneling assisted by the nano-Ag colloids to simplify the simulation and 
demonstrate the concept. Multiple/sequential tunneling assisted by many nano-Ag colloids in the glass layer could 
further reduce the contact resistivity of the MIS structure significantly. These calculations provide further evidence 
that the contact model involving tunneling through the IFG could also play a role in current collection for Ag-paste-
metallized p-type Si PV cells.
 
Fig. 3 (a) MIS contact band diagram with a layer of very thin interfacial glass after firing (inset is a cartoon of the real structure); (b) MIS contact 
with nano-Ag colloids embedded; (c) simulated contact resistivity values for both MIS structures assuming a direct-tunneling model and only a 
single nano-Ag assisted tunneling.  
4. Conclusion 
We have studied the current transport mechanisms for the Ag paste metallized Si PV cells by etching and re-
deposition of metal layers. The combined experimental results of device performance analysis and microstructure 
images reveal that both models of direct-contact and tunneling through the interfacial glass layer could exist in our 
devices fired at optimal conditions. The tunneling contact with and without nano-Ag colloids have also been further 
modeled and the results show that the nano-Ag assisted tunneling could significantly reduce the contact resistivity.  
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